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ABSTRACT 

Experiments with the round and the hyperbolic quadrupole u n i t s  
The preliminary da ta  which were obtained pre- 

The resolving power of the hyper- 
have been continued, 
vious ly  have been substant ia ted.  
b o l i c  quadrupole 1s about twice t h a t  of the  round a t  comparable 
sensltivitieg, Resolving power of 600, measured a t  the  10% peak 
height,  w a s  obtained with the hyperbolic u n i t  a t  a transmission 
e f f i c i ency  of 20%, when excited a t  very low power, 
a resolving power of 1000 was obtained a t  10% transmission e f f ic iency ,  
Flat-topped peaks were observed a t  resolving powers below 400. 

A t  higher power, 
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INTRODUCTION 

This r epor t  covers the  work done by the B e l l  & H o w e l l  Research Center 
on NASA Contract NASW-1298 from 1 7  February through 17 May, 1967. 
is the  seventh quarter  of the  Contract. 

This 

This p ro jec t  i s  concerned with the  introduction of ions i n t o  the  
region of strong f i e l d s  i n  the quadrupole mass f i l t e r ,  and with the 
comparison of t he  performances of quadrupole s t ruc tu res  with round and 
with hyperbolic field-forming surfaces ,, 

During this quar t e r  addi t iona l  d a t a  have been obtained which compare 
the  operation of the  two quadrupoles. 
hyperbolic rods is now w e l l  established. 

The superior performance of the  
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APPARATUS AND EXPERIMENTAL PROCEDURE 

The apparatus is the same a s  t h a t  described i n  l a s t  quar te r ' s  report ,  
with the exception t h a t  an electrometer amplif ier  and a X-Y recorder have 
been used a s  read-out devices i n  place of the osci l lograph,  The only 
change i n  the experimental procedure is  t h a t  associated with the change 
i n  the read-out devices used, 

As before, the krypton spectrum w a s  used f o r  these t e s t s ,  The 
s e n s i t i v i t y  as a funct ion of resolving power is again used t o  d isp lay  
the  performance of t he  instruments. 
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EXPERIMENTS 

The prime object ive during t h i s  quar ter  was the comparison of the 
operat ion of the two quadrupoles, one with round and the  other with 
hyperbolic surfaces.  Data were obtained which ind ica te  these comparisons 
when the quadrupoles were operated i n  the  delayed dc ramp mode, 

Two s e t s  of experiments were performed. In one, the number of 
cycles  of radio frequency which occur during the  ion t r a n s i t  was held 
constant while t he  exc i t a t ion  frequency was var ied over a f ac to r  of two. 
The ion energy varied by a f ac to r  of four, and the power required t o  
e x c i t e  the system varied about 30 times! 
the ion energy remained low while the  exc i t a t ion  frequency was again 
varied over the two-to-one range. Under these conditions exceptional 
resolving power a t  high transmission e f f ic iency  was obtained with the 
hyperbolic quadrupole. 

In the  other  set of experiments, 
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QUADRUPOLE PERFORMANCE DATA 

In the  f i r s t  s e t  of experiments the number of radiofrequency cycles 
which occur while the ions t raverse  the f i l t e r  is 110. For the round rod 
quadrupole, t h i s  should give a resolving power of 475, according t o  the 
semi-empirical formula given by Paul. 
0.707, l o o ,  and 1.414 MHz, and the corresponding ion in j ec t ion  energies 
were 1, 2, and 4 vo l t s .  

The exc i t a t ion  frequencies were 

Data comparing the  performance of the  round and the  hyperbolic u n i t s  
a r e  presented i n  Figures 2, 3, and 4 .  I n  each case the s e n s i t i v i t y  of the  
hyperbolic un i t  was a r b i t r a r i l y  s e t  a t  loo%* 
uni t ,  operating under the same conditions, is given i n  i t s  r e l a t i o n  t o  
t h a t  of the  hyperbolic, The s e n s i t i v i t y  of the round u n i t  i s  cons is ten t ly  
lower than t h a t  of the hyperbolic, even a t  u n i t  resolving power. This 
d i f fe rence  is not found in  the sourcese 
the d i f fe rence  a t  the lowest resolving power increases  with exc i t a t ion  
frequency, 

The response of the round 

In t e re s t ing ly  (and unant ic ipatedly)  

I n  the comparison of t he  data i n  the three f igures ,  the v a r i a t i o n  i n  
the output of t he  ion source a s  a function of ion energy a s  displayed i n  
Figure 1 should be kept i n  mind, The da ta  a s  presented here a re  normalized 
t o  t he  s e n s i t i v i t y  of the  hyperbolic u n i t ,  and do not ind ica te  the r e l a t i v e  
s e n s i t i v i t i e s  of the instruments when operated a t  the d i f f e r e n t  frequencies,  
This manner of presenting the data is chosen t o  emphasize the d i f fe rences  
i n  the  performances of the  round and the  hyperbolic quadrupoles when they 
a r e  operated i n  iden t i ca l  mannerso 

I f  a l l  of the  po ten t i a l s  i n  the u n i t s  were scaled i n  proportion, the  
That they a re  d i f f e r e n t  da ta  of the three f igures  should a l l  be a l i k e ,  

ind ica tes  t h a t  some of the  po ten t i a l s  d i d  not vary i n  the  same proportion, 
In  the  operation of the  instruments the sources were adjusted for  maximum 
output of unresolved ion current  a t  each l eve l  of ion energyo Unfortu- 
nately,  t h i s  d i d  not occur a t  proportional vol tages  on the  ion focus 
electrode i n  the ion source. However, it is most probable t h a t  there  
were other  and more important po ten t i a l s  which d i d  not vary i n  proportion, 
In pa r t i cu la r ,  there  a r e  the po ten t i a l s  i n  the ion source which r e s u l t  
from the  space charge of the e lec t ron  beam, 
been insu la t ing  surfaces  which resul ted from extensive ion bombardment. 

I n  addi t ion,  there  may have 

The da ta  of Figure 2 a r e  of p a r t i c u l a r  i n t e r e s t .  Here the exc i t a t ion  

Even so, the  performance of t he  hyperbolic 
frequency was only 0,707 MHz, and the  maximum a c  p o t e n t i a l  on the  rods 
was only 130 v o l t s  a t  mass 86: 
rods is  very impressive. 
s e n s i t i v i t y  which is 44% of t h a t  observed a t  low resolving power, 

A resolving power of 500 i s  obtained a t  a 
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The most s ign i f i can t  f ac to r  in  the comparison of the two quadrupoles 
is the  resolving power observed a t  constant s e n s i t i v i t y .  On t h i s  basis ,  
the  hyperbolic quadrupole outperforms the round by a f ac to r  of two! 
When i t  is reca l led  t h a t  the only known difference between the two u n i t s  
is the  shape of the rods the confidence i n  the da ta  i s  excel lent .  Further,  
a s  mentioned i n  the l a s t  report ,  the data  were not a l t e r ed  when the  rods 
were interchanged i n  the  two vacuum envelopes. The sources and de tec tors  
remained with t h e i r  o r ig ina l  envelopes. 

a 

In the  second set of experiments, t he  ion energy was held a t  one 
As expected, the  resolving v o l t  and the  exc i t a t ion  frequency varied.  

power increased as the frequencywas raised.  
in  Figure !5* 
of the  two exc i t a t ion  frequencies. 
hyperbolic exceeds t h a t  of the round by a f ac to r  of two f o r  comparable 
s e n s i t i v i t i e s ,  
a resolving puwer of about 400. 
mission e f f ic iency  is  dawn only t o  lo"/,. 
scans aver the mass 84 peak a s  the resolving power w a s  var ied.  
quadrupole peaks a r e  asymmetrical. 
the  high mass s i d e  of t he  peaks have the s teeper  slope.  That t h i s  should 
be so is seen by r e fe r r ing  t o  the s t a b i l i t y  diagram and noting tha t  the 
scan l i n e  crosses  the y - s t ab i l i t y  l i m i t  obliquely, and the  x - s t a b i l i t y  
l i m i t  near ly  normally. In the  delayed d c  ramp mode of operation, the 
s lope is s teeper  on the low mass s i d e  of the  peak. This change must be 
due t o  the avoidance of the y-unstable condition a t  the entrance t o  the  
quadrupole. 

These da ta  a r e  presented 
The normalization is t o  the hyperbolic s e n s i t i v i t y  a t  each 

Again, t he  resolving power of the 

Flat-topped peaks a re  obtained with the hyperbolic t o  
A t  a resolving power of 1000 the  t rans-  

Figure 6 shows a s e r i e s  of 
Most 

In the  conventional mode of operation, 
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CONCLUSIONS 

The experimental work done during t h i s  quar te r  has  compared the 
performance of the  round and the  hyperbolic quadrupoles. 
instance the  resolving power of the hyperbolic has been found t o  exceed 
t h a t  of the round by about a fac tor  of two, fo r  s i m i l a r  s e n s i t i v i t i e s .  
With the  hyperbolic quadrupole, operated i n  the  delayed dc ramp mode, 
a resolving power of 1000 a t  the 1077 point  has been obtained with a 
transmission e f f i c i ency  of 10"L. 

In  every 
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L 

NEXT QUARTER'S ACTIVITIES 

During the next quarter the data w i l l  be refined and the s e n s i t i v i t i e s  
w i l l  be placed on an absolute scale.  
will be done on the ion source, with a goal of obtaining higher sens i t iv i ty  
a t  the lower ion energies. 

Theoretical and experimental work 
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Sensitivities of Ion Sources 
as a Function of Ion Energy 
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Normalized Sensitivities of Round and 
Hyperbolic Quadrupoles as Functions of 
Resolving Power. Excitation Frequency 
1.0 MHz, Ion Energy 2 volts. 
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Normalized Sensitivities of Round and 
Hyperbolic Quadrupoles as Functions of 
Resolving Power. Excitation Frequency 
1.414 MHz, Ion Energy 4 volts. 
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Normalized Sensitivities of Round and 
Hyperbolic Quadrupoles as Functions of 
Resolving Power. Excitation Frequency 
0.707 MHz, and 1.414 MHz. Ion Energy 
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APPENDIX 

I 

A paper, entitled "The Efficient Introduction of Ions Into a 
Quadrupole Mass Filter" was presented at the Fifteenth Annual Conference 
on Mass Spectrometry and Allied Topics in Denver, May 14-19, 1967. 
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Manuscript accepted f o r  inclusion i n  Proceedings of F i f t een th  Annual 
Conference on Mass Spectrometry and Allied Topics, Denver, May 14-19, 1967 

THE EFFICIENT INTRODUCTION OF IONS 
INT.0 A QUADRUPOLE MASS SPECTROMETER* 

Wilson M e  Brubaker 
B e l l  & Howell Research Center 

Pasadena, Cal i fornia  

ABSTRACT 

The e f f i c i ency  with which ions are introduced i n t o  a quadrupole mass 
f i l t e r  is  increased by severa l  powers of t e n  by the appropriate cont ro l  of 
the  f i e l d s  a t  the  entrance t o  the f i l t e r .  
an add i t iona l  set of four electrodes,  The po ten t i a l s  applied t o  these  
add i t iona l  e lectrodes have a smaller r a t i o  of dc t o  a c  values than the  
p o t e n t i a l s  applied t o  t h e  quadrupole, Computer s tud ie s  revea l  the  high 
v u l n e r a b i l i t y  of t he  enter ing ions t o  the impulses which they receive as  
they traverse the f r inge  f i e l d s  of the  conventional quadrupole. Further 
s tud ie s  with the computer reveal the effect iveness  of the  a l t e r ed  f i e l d s  
i n  eliminating these undesired impulses, Experimental da t a  compare the 
operation of t he  quadrupole with and without use of the  add i t iona l  e l ec -  
t rodes ,  It is  found t h a t  the  s e n s i t i v i t y  of the  instrument can be increased 
by powers of t e n  without degrading the  resolving power through the  use of 
these  a u x i l i a r y  e lec t rodes ,  

This i s  accomplished by using 

a 

* * * * * * * * * * *  

It has long been recognized t h a t  there  is a d i r e c t  r e l a t ionsh ip  
between the resolving power of the quadrupole and the number of cycles 
spent by the  ions i n  t ravers ing the device, 
of e x c i t a t i o n  and decreasing the  a x i a l  ve loc i ty  both increase the  t r a n s i t  
t i m e  i n  periods of the  a c  exc i t a t ion ,  The former i s  accomplished only 
a t  a g rea t  expense i n  power, and the l a t t e r  with a decrease i n  sens i -  
t i v i t y ,  The severe at tenuat ion of the  transmission of ions through the  
quadrupole which r e s u l t s  from d i r ec t ing  ions toward the  instrument a t  
low v e l o c i t y  occurs because the  ions receive a la rge  component of 
r a d i a l  v e l o c i t y  as they t raverse  the f r ing ing  f i e l d s .  

Increasing the frequency 

* T h i s  research w a s  supported i n  whole or  i n  p a r t  by the  National 
Aeronautics and Space Administration under Contract N o ,  NASW-1298, 
monitored by D r ,  Donald P. Easter ,  
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Through an a l t e r a t i o n  of the r e l a t i v e  s t rengths  of the dc and the 
ac f i e l d s  a t  the entrance t o  the  quadrupole i t  is possible  t o  avoid 
the severe loss of low ve loc i ty  ions, 
is accomplished through the use of an addi t iona l  set of four e lectrodes 
i n  the  v i c i n i t y  of the entrance aperture , I  
quadrupole s ign i f i can t ly  decreases the s i z e  of the instrument and the 
required power fo r  a given resolving power. These considerations a re  
p a r t i c u l a r l y  important fDr space appl ica t ions ,  

This a l t e r a t i o n  of the f i e l d s  

This refinement i n  the 

me usual use of the s t a b i l i t y  diagram is  t o  ind ica te  the manner 
i n  which the mass spectrum is produced, In t h i s  discussion it is used 
t o  help understand what happens t o  an ion as it passes through the 
f r lnge  f i e l d s  while en ter ing  the  quadrupole, A s  an ion en te r s  the 
quadrupole on a path which is p a r a l l e l  t o  the instrument ax is ,  the 
values  of both a and q vary from zero t o  f u l l  value,  
a r e  transmitted through the quadrupole a t  high resolving power the 
locus of the working poin t  l ies very c lose  t o  the  apex of the  s t a b i l i t y  
diagram while the ion is within the quadrupole. 
the  t r a n s i t  of the ion through t h e  f r inge  f i e l d s ,  t he  working point  
l i es  f a r  above the y - s t a b i l i t y  l i m i t ,  Here the acce lera t ion  is  directed 
away from the instrument axis. 

For ions which 

During almost a l l  of 

I f  the path of t h e  working point a s  the ion en te r s  the quadrupole 
can be made t o  l i e  within the s tab le  port ion of the s t a b i l i t y  diagram, 
the  undesired y-directed impulse can be avoided. This desired situas- 
t i o n  can 'be achieved i f  the working point mmes f i r s t  a l m g  the  q-axis 
as it leaves the o r ig in .  Such motion is obtained i f  the field-forming 
surfaces  adjacent the entrance aperture a r e  exci ted with ac po ten t i a l s  
only, These addi t iona l  e lectrodes f i e  between the entrance aperture  
and the usual  quadrupole rods whish a r e  excited with t h e i r  normal 
amounts of ac  and dc pg ten t i a l s*  Because the d c  f i e l d s  a re  delayed 
(along the instrument ax i s )g  t h i s  mode of operation has been termed 
"delayed d c  ramp". 

Experiments were made i n  which eight-vol t  ions were in jec ted  info  
a ten-inch quadrupole operating a t  1,6 MHza 
operation i n  the conventional and the delayed dc ramp modes were made. 
A t  t he  modest resolving power of 100 the  s e n s i t i v i t y  of the delayed dc 
ramp mode was 50 times t h a t  of the conventionalo A t  a resolving power 
of 400 t h i s  d i f fe rence  becomes 250. 

Direct  c3mparison of the 

In  the conventiona.1 quadrupole, a s  has j u s t  been shown, the use of 
low in j ec t ion  energy increases  the  number of cycles  spent by the  ions 
i n  t ravers ing the  f r inge  f i e l d s  and causes severe a t tenuat ion  of the 
transmission e f f ic iency .  Conversely, i f  high transmission e f f ic iency  
is obtained by using higher ion in j ec t ion  energies,  then the upper 
l i m i t  of the resolving power is  reduced, 
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In  the improved quadrupole, operating i n  the delayed dc ramp mode, 
ions can be introduced a t  low energies without causing the transmission 
e f f ic iency  t o  be low.  
be achieved. 

Thus high resolving puwer a t  high s e n s i t i v i t y  can 

REFERENCES 

'W. M. Brubaker, "Auxiliary Electrodes of Quadrupole Mass Fi l te ra , "  
U. S, Patent 3,129,327, 

A more detai led paper w i l l  be published i n  "Advances i n  Mass Spectrometry," 
Volume 4 ,  (Proceedings of Internat ional  Mass Spectrometry Conference, 
Berlin, September, 1967). 
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IMPROVED QUADRUPOLE* 

Wilson M, Brubaker 

B e l l  & H o w e l l  Research Center 
Pasadena, California 

ABSTRACT 

Experimental d a t a  reveal  tha t  the s e n s i t i v i t y  of the conventional 
quadrupole can be increased by a factor  of ten t o  one-hundred with no 
s a c r i f i c e  i n  the resolving power. 
use of a set of four addi t ional  electrodes a t  the ion entrance end of 
the mass f i l t e r .  
t i o n a l  quadrupole the working point moves through the y-unstable por- 
t i o n  of the s t a b i l i t y  diagram. Under these circumstances, computer 
s tud ies  have shown t h a t  the ion receives a large impulse i n  the y- 
direct ion.  By appropriately energizing the a u x i l i a r y  electrodes of 
the improved quadrupole, it is possible t o  have the working point 
remain within the x- and y-stable portion, and thus t o  avoid the 
undesirable radial  impulse. 
perimental data are presented, 

This is accomplished through the 

As an ion traverses the fr inge f i e l d s  of a conven- 

The r e s u l t s  of computer s tud ies  and ex- 

INTRODUCTION 

The quadrupole mass f i l t e r  is  uniquely d i f f e r e n t  from most other 
m a s s  analyzers. Its maximum dimension is along the axis ,  yet  the 
f i e l d s  within the s t ruc ture  have no component i n  t h i s  d i rec t ion .  
Additional length of the instrument serves merely the purpose of 
increasing the time spent by the ions i n  t ravers ing the analyzer. 
It has long been recognized' t h a t  there is a d i r e c t  re la t ionship  
between the resolving power of the quadrupole and the number of cycles 
spent by the ions i n  t ravers ing the device. 
of exc i ta t ion  and decreasing the  a x i a l  v e l o c i t y  both increase the 
t r a n s i t  t i m e  measured i n  periods of the ac exci ta t ion.  The former 
is accomplished only a t  a grea t  expense i n  driving power, and the 
l a t t e r  r e s u l t s  i n  a decrease i n  s e n s i t i v i t y ,  
of the transmission of ions through the quadrupole which r e s u l t s  from 

Increasing the frequency 

The severe at tenuat ion 

* This research w a s  supported i n  whole or i n  p a r t  by the National 
a 

Aeronautics and Space Administration under Contract No. NASW-1298, 
monitored by D r ,  Donald P. Easter. 
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d i rec t ing  ions i n t o  the instrument a t  low ve loc i ty  occurs because the  
ions receive a large component of r a d i a l  ve loc i ty  a s  they t raverse  
the  fr inging f i e l d s .  

Through an a l t e r a t i o n  of the r e l a t i v e  s t rengths  of the dc and the  
a c  f i e l d s  a t  the  entrance t o  the quadrupole i t  is  possible  t o  avoid the 
severe 108s of low ve loc i ty  ionsea This a l t e r a t i o n  of the f i e l d s  is 
accomplished through the  use of an addi t iona l  s e t  of four  e lec t rodes  
i n  the v i c i n i t y  of the  entrance apertureo 
rupole  s i g n i f i c a n t l y  decreases the  size of the instrument and the  
required dr iving power for  a given resolut ion.  
are p a r t i c u l a r l y  important fo r  space appl icat ions,  

This refinement i n  the quad- 

These considerat ions 

THEORY 

General discussion of the theory of the  quadrupole mass f i l t e r  
requires reference t o  the  s t a b i l i t y  diagram, shown i n  Figure I, 
coordinates a r e  the  dimensionless numbers a and q. 
of t he  d c  t o  t h e  ac  poten t ia l s ,  the %orking point" fo r  ions of a l l  
va lues  of m / e  f a l l  on a s t r a i g h t  l i n e  which passes through the or ig in ,  
This is denoted a s  the "scan line". 

The 
For a given r a t i o  

The usual  use of the  s t a b i l i t y  diagram is t o  ind ica te  the manner 
i n  which the  mass spectrum is produced. In  t h i s  discussion i t  is used 
t o  help understand what happens t o  an ion  a s  it passes through the 
f r inge  f i e l d s  while enter ing the quadrupole, F i r s t ,  i t  should be noted 
t h a t  the dimensionless var iab les  a and q a r e  proport ional  t o  the  f i e l d s  
a t  a given pos i t ion  i n  the plane t ransverse t o  the instrument axis .  
Thus, a s  an ion en te r s  the quadrupole on a path which is  p a r a l l e l  t o  
t h e  instrument axis ,  the  values  of both a and q vary from zero t o  f u l l  
value.  For ions which a r e  transmitted through the quadrupole a t  high 
resolving power the focus of the working point must l i e  very close t o  
the  apex of the s t a b i l i t y  diagram while the  ion is wi th in  the  quadrupole. 

Theory previously developed3 shows tha t  the r a d i a l  acce le ra t ion  
experienced by an ion a s  it responds t o  the  combined dc and ac f i e l d s  
is proport ional  t o  the v e r t i c a l  dis tance between the  y - s t a b i l i t y  l i m i t  
and the working point .  
transmitted ion l ies  very near t o  t he  apex, j u s t  under the y - s t a b i l i t y  
l i m i t ,  and the ne t  accelerat ion is  d i rec ted  toward the  instrument axis .  
But during almost a l l  of t he  t r a n s i t  of the  ion through the  f r inge  
f i e l d s ,  the working point  lies f a r  above the y-s ta 'b i l i ty  l i m i t ,  
t he  acce lera t ion  is directed away from the instrument ax is .  Computations 
have shown t h a t  the magnitude of the  y-directed momentum impulse which 
the ion receives  a s  it t raverses  the  f r inge  f i e l d s  v a r i e s  exponent ia l ly  
with the number of periods (cycles) of ac exc i t a t ion  which occur during 

The working point  i n  the quadrupole f o r  a 

Here 
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i ts  t r a n s i t .  Thus it  is seen that  the  number of cycles  spent by the  
ions i n  the fr inge f i e l d s  mus t  be kept qu i t e  small, unless there  is 
t o  be an acute a t tenuat ion of the transmission of ions through the 
instrument. 

I f  the  path of the working point can be made t o  l i e  wi th in  the 
s t a b l e  port ion of the  s t a b i l i t y  diagram while the ions a re  passing 
through the  fr inging f i e l d s ,  the undesired y-directed impulse can be 
avoided. This d e s i r e d  s i t u a t i o n  can be achieved i f  the  working point 
m o v e s  f i r s t  along the q-axis as it leaves the or igin.  Such motion is 
obtained i f  the ficld-forming surfaces adjacent t he  entrance aperture  
are excited with ac po ten t i a l s  only. These addi t iona l  e lectrodes l i e  
between the  entrance aperture  and t h e  usual  quadrupole rods which are 
excited wi th  t h e i r  normal amounts of ac  and d c  po ten t i a l s ,  Because 
the  d c  f i e l d s  are delayed (along the  instrument axis), t h i s  mode of 
operat ion has been te rmed "delayed d c  ramp", One of t h e  many paths  
the  working point may take through the  s t a b i l i t y  diagram i n  the  delayed 
d c  ramp mode of operation is denoted a s  a "preferred path" i n  Figure 1. 

COMPUTER STUDIES 

The purpose of t h e  computations was t o  evaluate  the ser iousness  
of permitt ing the working point  t o  m o v e  through t h e  y-unstable port ion 
of the diagram a s  the  ions t raverse  the  f r inge  f i e l d s  of the conven- 
t i o n a l  quadrupole, Computations were made i n  which the  ions were 
assumed t o  be formed wi th in  the  quadrupole, t o  en ter  a conventional 
quadrupole with coincident (normalized) dc and ac ramps, and t o  en te r  
t he  improved quadrupole, i n  the delayed d c  ramp modeo 

Computer s tud ies  d i f f e r  from laboratory s tud ie s  i n  t h a t  the t r a -  
j ec to ry  is never terminated by the ions s t r i k i n g  the  rods. 
tude is l i m i t e d  only by the  number of d i g i t s  i n  the  computer, 
never a concern during these invest igat ions 

The ampli- 
This was 

The a, q va lues  chosen for  the  uniform f i e l d  region correspond 
t o  a resolving power of about 400. 
l ies  very c lose  t o  the  l i n e  px + S y  = I, s ince  the  envelopes f o r  the  
x and the  y t r a j e c t o r i e s  a re  nearly i d e n t i c a l  f o r  t h i s  value.  

Further,  the  working point  selected 

In  the  f i r s t  s e t  of ca lcu la t ions  the  ions were assumed t o  be 
formed wi th in  the  uniform f i e l d  region, with zero r a d i a l  ve loc i ty ,  
and a t  the  point  x = y = I, Since the  x and the  y forces  a r e  com- 
p l e t e l y  orthogonal and independent of each other,  t r a j e c t o r i e s  f o r  
both components of motion were obtained simultaneously, 
were s t a r t e d  a t  90° phase in t e rva l s  (of t he  applied a c  po ten t i a l ) .  

T ra j ec to r i e s  
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The maximum amplitudes were i n  general s imi la r  for  x and y motions, 
the  l a rges t  a t  90° and 270°, a s  expected. 
l e s s  than 25 times the i n i t i a l  displacement. 

The amplitudes remained 

In the second s e t  of computations the passage of the ions from 
regions of zero f i e l d s  t o  those of f u l l  f i e l d s  was simulated by 
causing the magnitudes of the f i e l d s  (dc and ac) t o  increase together 
a t  a uniform r a t e  from zero t o  t h e i r  f u l l  values. Computations were 
again made a t  the four phase angles, and for  ramp lengths of two and 
ten cycles. 
of motion is less than ten t i m e s  the i n i t i a l  posit ion,  but for  the 
y-component a t  ten-cycle ramp the normalized amplitudes a re  a l l  g rea te r  
than 1000 times the i n i t i a l  displacement! The phase of the ac po ten t i a l  
a t  the start of the computations has l i t t l e  influence on these extremely 
large amplitudes, 

In a l l  cases the maximum amplitude f o r  the x-component 

Further computations were made i n  which t h e  independent var iab le  
is the number of cycles which occur while the ions t raverse  f r inge 
f i e l d s .  As might have been ant ic ipated,  the maximum amplitude va r i e s  
exponentially with the ramp length, measured i n  cycles (periods) of 
ac exci ta t ion.  

In the th i rd  s e t  of computations the ions were assumed t o  en te r  
the quadrupole i n  the delayed dc ramp mode. 
"preferred paths" were used. In the s teepes t  ramp case, the a c  f i e l d s  
bui ld  up uniformly during the  f i r s t  twelve cycles, the dc f i e l d  during 
the second s e t  of s i x  cycles, from the seventh t o  the twelf th  cycleo 
In a l l  cases, the normalized amplitudes a re  less than f ive  times the 
i n i t i a l  displacement. 

Several d i f f e ren t  

The r e s u l t s  of these computations a r e  summarized i n  Figure 2. It 
is seen tha t  the magnitude of the "entrance t ransient"  given the  ions 
is g rea t ly  reduced through the use of the delayed dc ramp mode of 
operation, 

EXPERlMENTAL 

Apparatus 

The addi t iona l  set of four e lec t rodes  a t  the entrance of the 
quadrupole has been prwided  i n  the form of insulated rod segments, 
one on each rod. 
the method used f o r  energizing them a re  shown schematically i n  Figure 3 ,  
By muving the switch from posit ion A t o  B, the  operation of the quadru- 
pole is changed from conventional t o  delayed dc ramp modes. 
diameter of the rods is 0,6 inches, t h e i r  length 10 incheso 
ments a re  0.6 inches long, 

The rod assemblies of the improved quadrupole, and 

The 
The seg- 

The exc i t a t ion  frequency was 1.6 M H z .  



Results 

Krypton gas was used f o r  a l l  observations made i n  t h i s  study. 
Resolving power measurements were made by observing the  width of the  
mass 84 peak a t  10% height and the separat ion of t h i s  peak from the 
mass 83 peak, Instrument s e n s i t i v i t i e s  are p lo t t ed  as functions of 
resolving power a t  d i f f e ren t  ion in j ec t ion  energies  and f o r  operation 
i n  the  conventional and the delayed dc ramp modesa 

The data  obtained a t  15-volt ion in j ec t ion  energy are presented 
In t h i s  instance the resolving power is l i m i t e d  by the  i n  Figure 4 ,  

t r a n s i t  t i m e  of the ions, A t  t h i s  high in j ec t ion  energy the  ions 
traverse the  f r inge  ffelds i n  less than three  cycles, and the  r e su l t i ng  
transmission loss is n o m i n a l ,  
mode is six t i m e s  t h a t  of the  conventional a t  low resolving powers. 

men  so, the  s e n s i t i v i t y  i n  the  delayed 

A t  8 ~ 0 l t  ion in j ec t ion  energy the d i f fe rence  between the con- 
vent iona l  and the delayed dc ramp modes of operat ion is more apparent, 
a s  shown i n  Figure 5, The increased t i m e  spent i n  the  quadrupole r a i s e s  
the  resolving power very  appreciably. However,  the  g rea t e r  t i m e  spent 
i n  the  f r inge  f i e l d s  of t he  conventional quadrupole causes a r a the r  
severe a t tenuat ion  of the transmission e f f ic iency .  A t  a resolving 
power of 100 the  instrument s e n s i t i v i t y  of the  delayed d c  ramp mode 
is  50 t i m e s  t h a t  of the  conventional. A t  a resolving power of 400, 
t h i s  d i f fe rence  becomes a fac tor  of 250! 

Four-volt incident  ions remain i n  the  system during a la rge  
number of cycles of the  ac  voltage, and the  nominal resolving power 
is high. However, i n  the conventional quadrupole the  s e n s i t i v i t y  is 
too  low t o  be usefu l  because the impulse given t h e  ions i n  the f r inge  
f i e l d s  causes them t o  strike the rods, and be l o s t .  In the  d c  ramp 
mode, usefu l  s e n s i t i v i t y  i s  achieved f o r  resolving powers a s  high as 
650. These d a t a a r e  shown i n  Figure 6. 

CONCLUSIONS 

In the  conventional quadrupole, a s  has  j u s t  been shown, the  use 
of low i n j ec t ion  energy increases the number of cycles  spent by the  
ions i n  t ravers ing  the f r inge  f i e l d s  and causes severe a t t enua t ion  
of t he  transmission e f f ic iency .  Conversely, i f  high transmission 
e f f i c i ency  is obtained by using higher ion i n j e c t i o n  energies,  then 
the  upper l i m i t  of t he  resolving power is reduced, 

In the  improved quadrupole, operating i n  t h e  delayed d c  ramp mode, 
ions can be introduced a t  luw energies without causing the  transmission 
e f f i c i ency  t o  be low. 
can be achieved. 

Thus high resolving power a t  high s e n s i t i v i t y  
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